Lipid-mediated signaling events regulate many cellular processes. Investigations of the complex underlying mechanisms are difficult because several different methods need to be used under varying conditions. Here we introduce multifunctional lipid derivatives to study lipid metabolism, lipid−protein interactions, and intracellular lipid localization with a single tool per target lipid. The probes are equipped with two photoreactive groups to allow photoliberation (uncaging) and photo-cross-linking in a sequential manner, as well as a click-handle for subsequent functionalization. We demonstrate the versatility of the design for the signaling lipids sphingosine and diacylglycerol; uncaging of the probe for these two species triggered calcium signaling and intracellular protein translocation events, respectively. We performed proteomic screens to map the lipid-interacting proteome for both lipids. Finally, we visualized a sphingosine transport deficiency in patient-derived Niemann−Pick disease type C fibroblasts by fluorescence as well as correlative light and electron microscopy, pointing toward the diagnostic potential of such tools. We envision that this type of probe will become important for analyzing and ultimately understanding lipid signaling events in a comprehensive manner. 
T he roles of lipids in cells go far beyond providing the structural backbone of cellular membranes. Certain lipid species are powerful signaling molecules. Examples include the roles of sphingosine (Sph) and the diacylglycerol (DAG) variant, stearoylarachidonylglycerol (SAG) in intracellular calcium signaling (1, 2) . The study of such signaling lipids is often complicated by the fact that they are under tight metabolic control and that they occur only in very low concentrations. Overexpression of metabolic enzymes for manipulation of signaling lipid levels is a slow process compared with the rapid turnover of those lipids and may therefore produce not only the target lipid but also multiple downstream metabolites. Chemical dimerizer and optogenetic approaches are options to manipulate lipid contents more rapidly, but they depend on cytosolic lipid-metabolizing enzymes. In the past, many applications therefore focused on phosphoinositides (3, 4) . A more general way to rapidly increase lipid concentration is the use of caged lipids. These are equipped with a photocleavable protecting group (caging group), which blocks biological activity and renders them resistant to metabolic turnover before the active lipid is released using a flash of light (2, (5) (6) (7) . The sudden increase in target lipid concentration facilitates analysis of downstream lipid signaling events as well as lipid metabolism within living cells in pulse− chase experiments. To correctly interpret such signaling events, underlying processes such as lipid−protein interactions, intracellular lipid localization, and kinetics of lipid metabolism need to be considered. To date, lipid metabolism is typically monitored using isotope-labeled or alkyne-modified lipids (8) (9) (10) . Fluorescent lipids, lipid-binding antibodies, or lipid biosensors are mainly used to study lipid localization (11, 12) . Most assays for studying lipid−protein interactions rely on reconstituted membranes/liposomes and are therefore largely restricted to soluble proteins (13) (14) (15) (16) . The plethora of methods used to investigate these different processes makes it difficult to compare or validate their respective results. A promising approach to integrate the study of lipid metabolism, lipid localization, and lipid−protein interactions has emerged in recent years; bifunctional lipids feature a small diazirine group to allow photo-cross-linking with interacting proteins in the intact cellular environment and a terminal alkyne for subsequent functionalization (17) . Biotinylation of cross-linked lipid−protein conjugates enables their enrichment and identification of lipidinteracting proteins. To date, bifunctional lipids are one of the few methods to screen for lipid−protein interactions in living cells (18) (19) (20) (21) . Alternatively, bifunctional lipids can be used to visualize lipid localization by click reaction with a fluorophore (1, 18, 20) . The application of the bifunctional lipid principle to signaling lipids, however, is handicapped by their tight metabolic control. Any precursor is rapidly incorporated into downstream lipids, complicating the interpretation of resulting data. The ability to liberate a single, well-defined signaling lipid species within cells and to immediately capture its interacting partners, investigate downstream signaling, and study its subcellular localization would enable much-needed insight into the regulation of lipid-dependent signaling. Here, we present "trifunctional" lipids as tools, combining the advantages of caged and bifunctional lipids in a single molecule to allow for a wide range of studies in living cells with tight temporal control. Applied to Sph and DAG, we show that Significance Some lipids such as sphingosine and diacylglycerol are potent signaling effectors. However, comprehensive investigations of their bioactive actions are often hampered by a lack of tools that can be used in living cells. Here, we present chemically modified lipids that allow investigation of acute lipid signaling, lipid metabolism, lipid−protein interactions, and lipid localization by using a single probe for each target lipid. Equipped with a caging group, the lipid probe is biologically inactive, until activated by a flash of light. A second photoreaction crosslinks the probe to protein interactors that may subsequently be analyzed by mass spectrometry or fluorescence/electron microscopy. We envision that this versatile design will be central to unraveling complex lipid signaling networks.
trifunctional lipids enable (i) acute alteration of signaling lipid concentration, (ii) measurement of lipid metabolism on a population-wide as well as on a single-cell level, (iii) screening for lipid− protein interactions, and (iv) direct visualization of lipid localization by light and correlative light and electron microscopy (CLEM) in comparable experimental settings.
Results
Synthesis of Trifunctional Sphingosine, Trifunctional Diacylglycerol, and a Trifunctional Fatty Acid. The previously reported (20) bifunctional sphingosine 4 was equipped with a coumarin caging group via carbamate linkage at the amino group giving the trifunction sphingosine (TFS 1) in 96% yield (Fig. 1A) . Synthesis of trifunctional diacylglycerol (TFDAG 2) started by para-methoxybenzyl (PMB) protection of the free hydroxyl group of S-isopropylidene glycerol followed by removal of the isopropylidene group to give diol 6. Dimethoxytrityl (DMT) protection of the primary hydroxyl group and attachment of arachidonic acid to the secondary hydroxyl group gave intermediate 7. The PMB-protected diacylglycerol 8 was obtained by mild DMT deprotection using FeCl 3 in MeOH/ dichloromethane and carbodiimide-mediated coupling of the bifunctional fatty acid 9. The PMB group was removed by brief exposure to acidic conditions at 0°C, effectively preventing acyl migration as the only possible alternative regioisomer was not detected by NMR. Lastly, N,N-diethylaminocoumarin was linked to the primary hydroxyl of 10, giving the TFDAG 2 (Fig. 1B) . The trifunctional fatty acid (TFFA 3) was obtained by standard carbodiimide-mediated attachment of the coumarin group (Fig. 1C) .
In Vitro Validation of Sequential Photoreactions. We established that the photoreactions used for uncaging and cross-linking are indeed orthogonal and may be carried out in a sequential manner. To this end, a 1 mM solution of TFDAG 2 in MeOH-d4 was irradiated using a UV mercury arc source equipped with 400-nm and 355-nm high-pass filters. The uncaging reaction was performed at >400 nm, whereas photo-cross-linking the diazirine group required 355-nm light. 1 H NMR spectra were acquired after each irradiation step and compared with the spectrum of the corresponding pure compounds 2 and 10 ( Fig. 1D) . We found that uncaging at >400 nm quantitatively removed the coumarin group, as signals stemming from the protons in the glycerol backbone (highlighted in blue and red) reverted to the pattern exhibited by bifunctional DAG (BFDAG) upon illumination. The diazirine moiety (green signals) is unaffected by uncaging and is only activated by UV light of >355 nm. Crucially, the alkyne group remained intact through all illumination steps (cyan signals in Fig.  1D ), enabling subsequent functionalization.
Uncaging of Trifunctional Lipids in Living Cells. After establishing photochemical suitability, we applied trifunctional lipids to living cells to investigate their biocompatibility and signaling functionality. Intracellular Sph was reported to induce cytosolic calcium increase by release from acidic stores (1), whereas elevated DAG levels trigger rapid translocation of C1-domain-containing proteins to the plasma membrane (2) . As expected, local uncaging of TFS led to Ca 2+ transients for 40 to 80 s as measured by the cytosolic calcium dye Fluo-4. The kinetics of calcium release were comparable to previously demonstrated uncaging of native Sph (1). Importantly, the negative control compound dihydrosphingosine (dhSph) was unable to elicit calcium release under these conditions ( Fig. 2 A and B) . The effects of DAG elevation were monitored by the fluorescent biosensor C1-GFP. Adding the bifunctional DAG probe 10 to the medium of HeLa cells expressing C1-GFP led to translocation of the protein to the plasma membrane over the course of 2 min (Fig. 2C , Upper). Simple addition of TFDAG, on the other hand, failed to induce C1-GFP translocation, demonstrating its biological inertness in the caged form. Only 405-nm uncaging of TFDAG through the microscope objective induced translocation (Fig. 2C , Lower). It is important to note that illumination through the microscope objective only uncages a small fraction of the probe compared with biochemical bulk experiments that make use of strong UV lamps. The simultaneous uncaging of all probe molecules in such experiments can be used to investigate probe metabolism by TLC (Fig. S1 ). Here, cells labeled with 3 μM TFS or 50 μM TFDAG were subjected to pulse experiments; the resulting metabolites were visualized by click reaction (8) and separated on TLC. Unfortunately, the TFDAG probe partially fragmented during lipid extraction and click reaction thus preventing analysis by TLC ( Fig. S1 C and D) . TFS, on the other hand, was stable in cells ( Fig. S1A ) and was readily incorporated into sphingolipids as well as phospholipids upon uncaging (Fig. S1B ), in accordance with previous studies using bifunctional sphingosine (20) . Together with the results obtained by live-cell microscopy, this confirms that the diazirine and alkyne moieties do not impact on the biological activity of Sph and DAG, respectively, and that acute signaling events can be triggered by uncaging of trifunctional lipids.
Quantification of DAG Turnover at the Plasma Membrane. Being able to trigger C1-GFP translocation to the plasma membrane in a controlled fashion allowed us quantify lipid turnover on a population-wide as well as on a single-cell level, thereby accounting for the inherent heterogeneity of cell populations. Compared with standard biochemical experiments, such live-cell uncaging experiments also offer superior temporal resolution; however, they do not measure pure metabolism, as the signal acquired through biosensors accounts for both lipid transport and metabolic transformations. Here, we performed a series of uncaging experiments using TFDAG and compared it to caged SAG (2) (Movies S1 and S2). Changes in plasma membrane DAG levels were quantified using the ratio between plasma membrane-bound and cytosolic fractions of C1-GFP as calculated using a recently developed algorithm (22) (see SI Materials and Methods for details). Most cells exhibited significant C1-GFP translocation to the plasma membrane, with similar response rates for TFDAG and SAG, respectively (TFDAG 78%, SAG 71%; Fig. 2D ). Kinetic traces were measured for all cells (Fig. S2) , and responding cells were included in the kinetic analyses. Mean translocation traces (Fig. 2E) showed an initial rapid increase of the C1-GFP plasma membrane/cytosol ratio, reflective of the rapid increase of DAG concentration caused by uncaging. After reaching a maximum ∼100 s after illumination, the observed signal declined with comparable slopes for both lipids, indicating ongoing DAG turnover. To characterize their kinetics more quantitatively, we analyzed and fitted the responses on a single-cell level. A simple biexponential model featuring terms for C1-GFP recruitment to the plasma membrane and DAG turnover was fitted to the individual traces (see Fig. S3 and SI Materials and Methods for details). After quality control (SE estimate below 0.06 and a positive turnover rate; see Supporting Information), a set of 31 and 43 traces were obtained for SAG and TFDAG, respectively (Fig. 2F) . The determined halflife times for DAG turnover (Fig. 2G ) revealed striking differences on a cell-to-cell level, as individual cells exhibited DAG turnover rates varying over an order of magnitude. These data suggest that heterogeneity of signaling lipid turnover might be an underrated aspect in lipid signaling events.
Chemoproteomic Profiling of Lipid−Protein Complexes. A further application of trifunctional lipids is the systematic mapping of lipid− protein interactions by mass spectrometry. Owing to the two orthogonal photoreactions, which enable a "release and catch" approach, trifunctional lipids allow profiling the protein interactome of single lipid species. Due to the reduced complexity of the bait compared with bifunctional lipids, this screening technology is more sensitive to low-abundance lipids and should pick up scarce lipid− protein interactions. HeLa cells were labeled with 6 μM TFS and 100 μM TFDAG or TFFA, which resulted in comparable loading of the cells, owing to their different uptake kinetics (Fig. S4) . After uncaging and photoaffinity labeling, the protein−lipid conjugates were reacted with biotin azide using copper-catalyzed click chemistry and subsequently enriched via neutravidin beads. The preparation of peptides for proteomic analysis was performed according to a recent protocol optimized for ultrasensitive analysis of complex biological samples (23) . Using this method, a total of 3,263 proteins were identified. For further analysis, only proteins that were identified in both screens using either TFS or TFDAG were considered. The peptide spectral matches of these highconfidence proteins are displayed as a heat map in Fig. 3A . As noted in previous studies using bifunctional lipids (20, 21) , a high overlap in the interactome of different lipids was observed; this may be attributed to unspecific cross-linking of highly abundant proteins with either probe or background binding to the beads during the pull-down procedure, highlighting the need for control lipids. By grouping the resulting proteins according to the ratio of their peptide spectral matches over control lipids, we were able to identify two subsets of proteins, which interacted preferentially with either TFS (Fig. 3A , top left group) or TFDAG (Fig. 3A , bottom right group); a sample 55 hits are displayed for TFS and TFDAG, respectively. The full list of proteins arranged as in Fig.  3A as well as lists for Sph-and DAG-interacting proteins can be found in Dataset S1. Reassuringly, we found proteins previously reported to interact with Sph [ceramide synthase 2, which uses Sph as a substrate (24), and cathepsin B, which is a mediator of Sphinduced apoptosis (25) ] or with DAG [phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta 3, a DAG producing enzyme (26)] among our top hits. We then compared the list of putative Sph-interacting proteins from this screen with results from a previous screen performed with bifunctional Sph (20) (Fig.  S5A) . Fourteen proteins were already detected using bifunctional Sph, further strengthening them as bona fide Sph binders. However, the majority of these proteins were not previously identified. Here, we benefited from the major advantage of trifunctional lipids to circumvent lipid metabolism and identify scarcer or very short-lived lipid−protein interactions. In the absence of previous proteomic screens with DAG as bait, we compared proteins identified using TFDAG to hits from previous screens performed with bifunctional endocannabinoid probes (21) . These probes contain arachidonic acid just as TFDAG does. Reassuringly, only 17 of 130 putative DAG-interacting proteins were previously identified using the endocannabinoid probes (Fig. S5B) , which further confirms that proteins identified with TFDAG are specifically interacting with DAG.
Subcellular Localization of Lipids and Lipid-Interacting Proteins.
To further analyze these new, putative Sph and DAG-interacting proteins, we accessed their gene ontology (GO) terms and compared the annotated subcellular localizations of TFS and TFDAG hits (Fig. 3B) . A larger percentage of TFS interactors were annotated to the secretory pathway [endoplasmic reticulum (ER), Golgi, vesicles, endosomes, lysosomes, and exosomes] compared with TFDAG hits, which are mainly annotated as cytosolic proteins. This result hints toward a different subcellular localization of the trifunctional lipids at the time of cross-linking. Before uncaging, trifunctional lipids are indiscriminately localized to internal membranes and the cytoplasm as visualized by fluorescence of the coumarin caging group (Fig. S6A, Upper) . To investigate their localization at the time of cross-linking, HeLa cells were treated in the same way as for the proteomic screens, but followed by fixing and staining of the lipid−protein complexes with Alexa488-azide ( Fig. 3C and Fig. S6A, Lower) . We observed that each lipid now localized to distinct cellular compartments. Strikingly, the staining of TFDAG resulted in 52 to 59% weaker fluorescence compared with TFS and TFFA, respectively (Fig. S6B ). Cytosolic and nuclear proteins are known to be extracted by methanol fixation (27) , which is necessary for this protocol, as it removes all non-cross-linked lipids. This may explain the reduced fluorescence intensity in these regions and confirms the GO-term analysis of DAG-interacting proteins, which listed surprisingly many cytosolic proteins. We speculate that the high proportion of cytosolic proteins likely reflects a highly efficient DAG transporting machinery, which requires extraction of DAG from membranes, thereby potentially exposing the cross-linkable group. For example, extended synaptotagmins (E-Syts) were recently shown to extract DAG from the plasma membrane (28) . Accordingly, we identified both E-Syt1 and E-Syt2 in screens performed with TFDAG.
However, E-Syt1 was also found using TFS and TFFA, and E-Syt2 was identified with TFS but not with TFFA, hinting at a broader lipid specificity of these proteins. TFS, on the other hand, was found to be predominantly localized to the perinuclear ER, Golgi, and, mainly, endosomes/lysosomes (see Fig. S6 C, E, and F for colocalization). We quantified the amount of Sph labeling in LAMP1-stained compartments to 40% of total fluorescence, whereas the more uniform labeling of TFDAG only localized 22% of total fluorescence to areas also marked by LAMP1 (Fig. S6D ).
Sphingosine Localization in Niemann−Pick Disease Type C. To highlight the potential of trifunctional lipids for the visualization of subcellular lipid localization, we chose as an example the study of Niemann−Pick disease type C (NPC) cells. NPC is a rare lysosomal storage disease caused mainly by mutation of the gene encoding for the NPC1 protein (29) . In diseased cells, Sph is known to accumulate alongside other lipids such as sphingomyelin, cholesterol, and higher glycosphingolipids (30, 31). The function of NPC1 is not fully understood, but NPC cells exhibit a trafficking defect at the late endosomal/lysosomal stage, as observed for cholesterol by using Filipin staining (32) . Accumulation of Sph and lactosylceramide was previously visualized using fluorescent lipid analogs (33, 34) . Here, we used TFS to visualize Sph localization and trafficking. To create a cellular model of NPC, HeLa cells were either treated with the cationic amphiphilic drug U18666A, which acts as an NPC1 inhibitor (35), or with siRNA targeted to NPC1. Both treatments produced an NPC phenotype, as confirmed by Filipin staining (Fig. S7A ). Using TFS on these cell models, a noticeable increase of fluorescence was observed in late endosomal/lysosomal vesicles ( Fig. 4A ; for colocalization, see ST3GAL4  PITPNA  CD276  CTSB  CISD1  RCN2  TIMM22  MFF  TMEM59  TMEM160  FAM8A1  PRRC1  CHST3  SLC30A5  PLD6  TMED3  C5orf15  GDE1  CTGF  FAM3A  UBXN8  GALNT3  PEX16  DNAJC3  LAMP2  ARL6IP6  ITIH3  STARD3  UGT8  APLP2  LGALS3BP  SLC35F2  SLC9A6  TMPPE  CD46  PAM  CPD  GLCE  PKD2  COL5A1  TAX1BP1  FAT1  HEXA  NQO1  ATP6V0A2  M6PR  S100A9  RAB31  HEBP1  CLU  PRCP  TMED2  S100A8  CERS2   0  1 0 > 2 0  2   MYL6  AK2  ROMO1  ECHDC1  STRAP  ARPC4  EIF5A  DPM3  RPS23  PAICS  NDUFA4  ATP5H  RSL24D1  PSMD4  HPRT1  PDLIM5  ARPS18B  GSTK1  NUP50  BTF3  CNOT10  UCHL5  NXF1  UBE2M  NOSIP  PPIE  PSMG1  GRHPR  FARSB  PDIA5  XPO7  SH3GL1  PNO1  TMEM167A  RFC5  SPCS3  WDR74  RPS13  AHCYL1  RRM2  FBXO22  SERPINB5  RT29  RRP8  WDR1  MAPRE1  PSMC6  FAS  IMMP2L  PPP4C  NARS  TOMM34  RXRB obvious: By using two photoreactions (uncaging/cross-linking), it was possible to bypass the uptake and possible retention of Sph in the endocytic pathway and to set up pulse−chase experiments. The accumulation of bifunctional Sph 4 in acidic compartments after uncaging set a precise starting point for quantifying transport of Sph and its metabolites out of the acidic compartment. In control cells, Sph was rapidly (<10 min) cleared from the vesicles, as exemplified by a drop in Pearson's correlation coefficient with the late endosomal/lysosomal marker LAMP1 (Fig. S7B) . Both NPC models (U18666A and siRNA), on the other hand, retained most Sph in the late endosomal/lysosomal vesicles even after 30-min postuncaging (Fig. 4A) , as expected for cells with lipid transport defect. Next, we investigated Sph transport in skin fibroblasts derived from three NPC patients with varying disease severity. Cells derived from the patient with the mildest phenotype were able to export most of the lysosomal Sph within 10 min, whereas the more severe patients still showed marked lysosomal Sph accumulation after 30 min (Fig. 4B) . We quantified this retention by investigating the skewness of the pixel distribution in each cell through automated image processing (Fig. 4C) . High skewness values represent vesicular staining, whereas lower values are indicative of an even distribution throughout the cells as achieved by ER or internal membrane staining.
Ultrastructural Localization of Sphingosine. To further examine this accumulation on an ultrastructural level, we subjected NPC patient fibroblasts to high-precision CLEM. Briefly, cross-linked lipids were functionalized with Alexa594-azide followed by high-pressure freezing (HPF) and thin sectioning. Fluorescent and electron dense fiducial marker beads (36) were used to correlate fluorescence images and electron tomograms (Fig. 4D) . We found that Sph localized to intraluminal vesicles of late endosomes/multivesicular bodies, which strengthens the hypothesis of a trafficking block at the late endosomal stage.
Discussion
We have developed a photochemical probe type featuring two sequential photoreactions, which allows different aspects of lipid biology to be studied while using the same molecule. Importantly, trifunctional lipids constitute a unique way to investigate single lipid species in a live-cell setting, which is especially important when looking at active signaling lipid species. We successfully used these probes to quantify cellular signaling after uncaging by live-cell imaging of downstream effects including C1-domain translocation and changes of calcium levels. trafficking assay could serve as a valuable diagnostic tool complementing the established Filipin staining analysis, as it is independent of cholesterol accumulation but assays the capability of the cells to move Sph out of late endosomes/lysosomes. In the three NPC cell lines investigated, the observed Sph transport correlated well with patients' severity scores. However, further tests on a larger number of patient samples will be necessary to confirm that Sph retention in the late endosomes/lysosomes is a marker for disease severity.
In conclusion, we demonstrated the practicality of trifunctional lipids for studying different aspects of lipid biology in the context of living cells, and we envision that this design will lead to the generation of more trifunctional lipids and studies of the relevant signaling networks.
Materials and Methods
Chemical Synthesis and Cell Culture. Detailed protocols for the synthesis of trifunctional lipids and their characterization data (Dataset S2) as well as information about cell lines and their culture conditions can be found in SI Materials and Methods.
Confocal Uncaging Experiments. HeLa cells were transfected with C1-GFP 24 h before experiments. For calcium imaging, cells were labeled with 100 μL of 5 μM Fluo-4 AM for 30 min before the experiment. Cells were treated with a 100 μM solution of TFDAG/caged SAG or a 2 μM solution of TFS in imaging buffer. Confocal time lapses were acquired at 37°C, and uncaging was performed by either scanning the entire field of view with a 405-nm laser or by spot-uncaging for 3 s at 2 μs per pixel. For more detailed protocols, please refer to SI Materials and Methods.
Lipid Analysis by TLC. Briefly, cells were labeled with 3 μM TFS or 50 μM TFDAG for the indicated times and subjected to UV-induced uncaging, as indicated. Cellular lipids were extracted, labeled with 3-azido-7-hydroxycoumarin via click reaction, separated on a TLC plate, and visualized via the coumarin fluorescence.
Proteomic Screens. A detailed procedure can be found in SI Materials and Methods. Briefly, HeLa cells were labeled with trifunctional lipids and UVirradiated for 2.5 min at >400 nm and for another 2.5 min >345 nm. The lysate was subjected to click reaction with biotin azide, and protein−lipid complexes were enriched using NeutrAvidin. Proteins were digested according to a recently developed protocol (23) and subjected to high-pH fractionation (38) . Peptides were separated using the nanoAcquity ultra performance liquid chromatography (UPLC) system coupled directly to a linear trap quadrupole (LTQ) OrbitrapVelos Pro using the Proxeon nanospray source.
Visualization of Lipid−Protein Complexes. A detailed protocol for visualizing lipid localization in cells by fluorescent microscopy as well as by correlated light and electron microscopy can be found in SI Materials and Methods.
